Development of the capacity to produce hydrogen economically from renewable energy resources is of critical importance to the future viability of that fuel. The inexpensive and widely available green alga Chlamydomonas reinhardtii has the ability to photosynthetically synthesise molecular hydrogen. Green algal hydrogen production does not generate any toxic or polluting bi-products and could potentially offer value-added products derived from algal biomass. The growth of dense and healthy algal biomass is a vital requirement for efficient hydrogen production. Algal cell density is principally limited by the illumination conditions of the algal culture and by the availability of key nutrients, including the sources of carbon, nitrogen, sulphur and phosphorus. In this study, the effect of different light regimes and carbon dioxide feeds on Chlamydomonas reinhardtii growth were investigated. The objective was to increasing the algal growth rate and the cell density, leading to enhanced biohydrogen production. State-of-the art photobioreactors were used to grow algal cultures, and to measure the pH and optical density of those cultures. Under mixotrophic growth conditions, using both acetate and carbon dioxide, increasing the carbon dioxide feed rate increased the optical density of the culture but reduced the growth rate. Under autotrophic growth conditions, with carbon dioxide as the only carbon source, a carbon dioxide feed with a partial pressure of circa 11% was determined to optimise both the algal growth rate and the optical density.
Introduction
Green algae are a major contributor to the photosynthetic capacity of the biosphere. Often referred to as pond slime, they actually exhibit vast and complex biodiversity. They have adapted to living in the soil, in fresh water and in salt water, and they consequently inhabit the entire globe [1] . Green algae are therefore affordable, available and flexible; they are an excellent target organism for photosynthetic biofuel production. Green algae are capable of synthesising multiple fuels, including biodiesel, bioethanol and biochar [2] . From a sustainability perspective, the most exciting prospect is their ability to produce molecular hydrogen. Hydrogen is the cleanest possible fuel since its combustion produces only heat energy and pure water. It has the highest density per unit mass of any fuel and it can be utilised efficiently in a proton exchange membrane fuel cell [3] .
The challenge of sustainable hydrogen production can be addressed using green algae. Green algae produce hydrogen via the process of biophotolysis, which involves the splitting of water by photosynthesis to produce oxygen molecules, protons and electrons, and the subsequent recombination of these protons and electrons by the hydrogenase enzyme to produce molecular hydrogen [4] . Biophotolytic hydrogen production has been demonstrated under anaerobic conditions at the laboratory scale [5] .
Growing dense and healthy Chlamydomonas reinhardtii (C. reinhardtii) cultures is a prerequisite for effective biohydrogen production. The quantity of functioning algal cells directly determines the number of light-harvesting complexes, oxygen-evolving centres, hydrogenase enzymes and other reaction centres that are critical to the H 2 production process [6] . In addition to enabling H 2 production, the agglomeration of C. reinhardtii biomass also facilitates the buildup of lipids, fatty acids, vitamins, carotenoids and other cellular components. These may be extracted and used to produce biodiesel, food additives and precursor chemicals, either as individual products, or as side-products that add value to the H 2 production process [7] .
Experimental Method

Algal Culturing
C. reinhardtii cultures are known to grow well in tris-acetate phosphate (TAP) growth medium. The TAP medium was prepared according to the classic recipe devised by Gorman & Levine [8] . The TAP medium consists of TAP salts, acetic acid, Tris(hydroxymethyl)aminomethane (Tris) and phosphate solution buffers, and Hutner's trace elements. TAP salts were prepared by dissolving ammonium chloride, magnesium sulphate and calcium chloride in deionised water. Phosphate solution was prepared from potassium phosphate monobasic, potassium phosphate dibasic salts dissolved in deionised water. Hutner's trace elements include traces of iron, manganese, copper, zinc, boron, cobalt and molybdenum. The starting pH of the TAP medium was set to 7.0 by titration with hydrochloric acid and sodium hydroxide. The TAP medium provides all the necessary nutrients for algal growth (carbon, nitrogen, sulphur, phosphorus and trace metals) but it also contains expensive ingredients such as acetate, ammonium and phosphate [9] . Limiting the use of acetate is important for reducing biohydrogen production costs, particularly in large-scale systems. High-salt medium (HSM) is a version of TAP without acetate that is used for autotrophic C. reinhardtii growth [10] . HSM does not contain acetic acid, which also removes the requirement for the Tris buffer. Phosphate solution therefore becomes the primary buffer of HSM. The concentration of TAP salts and Hutner's trace elements remains identical to that of the TAP medium. HSM was titrated to a starting pH of 6.8. Algae growing in HSM require a source of carbon dioxide (CO 2 ) in order to grow. The C. reinhardtii wild-type cc124 strain was used in all experiments.
Photobioreactors (PBRs)
The Solar Biofuels Consortium stirred-tank PBR was used for the light regime experiments and the Sartorius Biostat tubular PBR was used in the carbon dioxide feed experiments. The Solar Biofuels Consortium PBR is a modified 250 ml conical flask [6] . Mixing was provided by a mechanical shaker and illumination was delivered by a pair of cool-white fluorescent arrays, one on each side of the shaker. The light intensity incident on the PBR surface was circa 25.0 Wm -2 . Measurements were carried out by extracting algal samples from the PBR. The Sartorius Biostat PBR is a tubular flow reactor with layer pipe illumination that is suitable for microalgal phototrophic applications. The Sartorius PBR is composed of a 1 litre central vessel, surrounded by a 2 litre helix. All the sampling equipment, measuring probes and temperature control systems are located in the recirculation and conditioning vessel at the centre of the reactor. This central vessel houses a thermocouple as well as pH, dissolve oxygen (pO 2 ) and optical density (OD) probes that are used for in situ measurements. A Pt100 Type 25-3 thermocouple was used to measure the temperature in the Sartorius tubular PBR and feed these data back to the Sartorius control tower. Temperature was maintained at 25°C by means of a water bath in the double-layered central vessel. The Easyferm Plus K8 160 pH electrode (Hamilton) was used to measure the activity of hydrogen ions surrounding this probe. The Oxyferm FDA 160 oxygen tension probe (Hamilton) was used to measure the pO 2 by means of a Clark electrode suspended in oxylyte electrolyte. The Fundalux II OD probe (Sartorius), containing an LED that operates in the 870-910 nm wavelength range, was used to measure the optical density of the algal culture. Variables such as the light intensity, temperature and pH are controlled using the touch-screen Micro DCU-System display on the control tower, which also logs measurement data using specialised software.
Analysis Techniques
Spectrophotometry was used to determine the OD of an algal culture by light scattering. OD, measured in absorbance units (AU), has a linear correlation with the Chl content and the algal cell count of that culture. A Lambda 40 UV/Vis Spectrometer (Perkin-Elmer Instruments) running the UV WinLab software was used to measure OD at the algal PSII absorption peak of 663 nm. The OD reading at this photosynthetic wavelength maximum is the most responsive measurement to changes in the optical thickness of the culture [11] . At 663 nm, 1 AU is equal to 17.9 mg l -1 of Chl, or approximately 26 million algal cells. Algal samples were analysed in a 1.5 ml cuvette and the instrument was auto-zeroed with the light scattering measurement from a cuvette filled with deionised water. High-performance liquid chromatography (HPLC) was performed using the Hewlett Packard Series 1050 instrument running HPCORE ChemStation software. The technique was based on a well-established procedure designed to investigate the concentration of fermentative products such as organic acids and alcohols [12] . The Aminex HPX-87H Ion Exchange Column from BioRad (HPLC Organic Acid Analysis Column) was used at a temperature of 58.0ºC together with a BioRad guard column. Compounds were detected by means of an ultra-violet (UV) detector operating at 210 nm and measuring light absorption units of milliwatts per centimetre squared (mW cm -2 ). The liquid phase consisted of 4 mM sulphuric acid, which was peristaltically pumped through the column at a flow rate of 0.6 ml min -1 . Having been spun down at 13,000 rpm for 10 min, 50 l medium samples were injected into the instrument by means of an autosampler. HPLC was principally used to measure the acetate uptake during algal growth. A strong acetate peak was observed with a residence time of 15.1 min and the peak area was calibrated against acetate concentration using 20,000 ppm, 5,000 ppm 1,000 ppm and 200 ppm standards prepared from 99.99% pure acetic acid.
Mathematical Growth Model
A logistic (sigmoid) function has been frequently and effectively used to fit kinetic parameters to algal growth and nutrient uptake data [13] . When modelling growth kinetics, OD may be described as a function of time using Equation 1. In this formulation, the parameter K represents the maximum OD obtained in a particular experiment. The parameter t 0 is the inflexion point of the function, which may be normalised to compare growth rates of algal cultures with diverse starting ODs and different start-up rates. The most important parameter is r, the specific growth rate of the culture. Equation 2 may be used to convert r to the doubling time (T d ), the most common unit for describing algal growth. By differentiating Equation 1 with respect to time, it is possible to determine the gradient at t 0 (Equation 3), which is the maximum growth rate (r max ) of the culture.
Results
Effect of Light Regime
Experiments to investigate C. reinhardtii cc124 growth under different light regimes were carried out in the Solar Biofuels Consortium stirred-tank PBRs using the TAP growth medium. Four different light regimes were investigated: continuous illumination (light), continuous illumination with CO 2 bubbling (light + CO 2 ), 12h:12h light:dark cycles, and no illumination (dark) (Figure 1 ). All the experiments were conducted in triplicate; the error bars indicate the standard error in the measurements. One observation from the raw growth data is that C. reinhardtii cultures grow to a higher OD under continuous illumination with, as opposed to without, carbon dioxide (CO 2 ) bubbling. This proves that photomixotrophic growth results in better algal yields than photoheterotrophic growth [14] . In addition, growth under light-dark cycles is worse than growth under continuous illumination. This result has repercussions once algal growth and biohydrogen production are scaled up from laboratory systems with artificial illumination [15] to larger outdoor facilities [16] . The growth of C. reinhardtii cultures in the dark was used as a control to indicate the capacity of the cells to grow purely on substrate as opposed to the photosynthetically-assisted growth witnessed in the other experiments.
Figure 1b proves that acetate was depleted 40-60 hours from the start of a growth experiment in the TAP medium. Algal cultures growing under continuous illumination without CO 2 (light), under light:dark cycles, and those growing in the dark experienced heterotrophic growth; the higher their growth rate, the quicker they used up the available acetate. On the other hand, cultures growing under continuous illumination with CO 2 bubbling consumed their acetate more slowly than those growing under continuous illumination without CO 2 bubbling despite a slightly higher growth rate, indicating that some CO 2 was also used for biomass synthesis. While growth in the three heterotrophic growth experiments is clearly acetate-limited, the CO 2 -bubbled culture continues to grow following acetate depletion. As observed in previous experiments, a growth curve anomaly occurs while the culture adjusts from a mostly photoheterotrophic growth mechanism to an entirely photoautotrophic growth mechanism. Following this adjustment period, the culture continues to grow. Logistic model curves were fitted to experimental data to extract kinetic growth parameters and enable more precise comparisons of growth under different light regimes. The first point of interest is that C. reinhardtii cultures growing in the dark can achieve a final OD of 10 
Effect of Phototrophic Condition
The aim of this section was to discover the optimum concentration of CO 2 that should be bubbled into a PBR to encourage C. reinhardtii cc124 growth. A series of experiments were carried out with cc124 in the Sartorius tubular reactor. The temperature was controlled at 25°C, the light intensity was controlled at 30 Wm -2 and the TAP growth medium was used. CO 2 was bubbled via a finely-perforated sparger at the bottom of the central vessel of the Sartorius PBR, at a flow rate of 100 ml min -1 . All experiments were operated in an open PBR system. The Sartorius PBR enabled on-line monitoring of the OD and pH of the culture. Small liquid samples (10 ml) were extracted at regular intervals to measure the acetate concentration by HPLC. Six different experiments were carried out: 0% CO 2 feed (the reactor was bubbled with N 2 ; this was the control experiment), 0.039% CO 2 (the reactor was bubbled with air), 2% CO 2 , 5% CO 2 , 10% CO 2 , and 20% CO 2 ( Figure 2 ).
The raw growth data (Figure 2a) indicate that CO 2 feeds of 2%, 5% and 10% result in the best algal growth, but it is difficult to differentiate between them without applying the logistic model. The pH drops quite low as the acidic CO 2 is bubbled through and absorbed by the algal culture (Figure 2b) . It even falls beneath pH 6 in the case of the 5% CO 2 feed, but the pH does not appear to have a significant, reproducible effect on the algal growth rate. The general trend in the acetate data (Figure 2c ) is for slower acetate consumption at higher CO 2 concentrations because more CO 2 is used as a replacement for acetate during biomass synthesis. Correlations between the algal growth rate and the CO 2 feed concentration (Figure 3a) , and between the final OD and the CO 2 feed concentration (Figure 3b) were plotted. A second-order polynomial fit was used in anticipation of a kinetic parameter maximum at the optimal CO 2 feed. It turned out that the fastest cc124 culture growth rate (r = 0.087 h -1 ) was actually observed with the 0% CO 2 feed (Figure 3a) . This result shows that C. reinhardtii cc124 cells use acetate as a carbon source much more effectively than they use CO 2 , and that providing any CO 2 to an acetate-replete medium such as TAP can only reduce the growth rate. On the other hand, the maximum final OD (K = 37.9 mg l -1 Chl) was calculated to occur at a CO 2 feed of 7.9% (Figure 3b ). There is therefore a trade-off between the algal cell density and the growth rate. The best H 2 production rates would be attained by growing C. reinhardtii cc124 in TAP with a CO 2 feed of 7.9%, but this configuration would not necessarily result in the best H 2 production yield, due to the longer duration of synthesising the requisite algal biomass.
The CO 2 bubbling experiments were repeated in HSM to determine the effect of CO 2 concentration under purely photoautotrophic growth conditions. HSM contains no acetate, so it is the medium that is the most applicable for economic scale-up of algal growth. Once again, the experiments were carried out in the Sartorius tubular reactor, at a temperature of 25°C and with a CO 2 feed of 100 ml min -1 . C. reinhardtii cc124 could not grow in HSM without any access to CO 2 , but the other five conditions were repeated: 0.039% CO 2 , 2% CO 2 , 5% CO 2 , 10% CO 2 , and 20% CO 2 ( Figure 4) . The raw data suggest that cc124 growth was improved with increasing CO 2 concentrations up to a maximum at 5-10% CO 2 , before decreasing again (Figure 4a ). The pH dropped below pH 5.5 in most experiments (Figure 4b ), although these acidic conditions only appeared to delay growth at 20% CO 2 . At 20% CO 2 , the pH rapidly fell to pH 5.4 within the first 3 hours of the experiment (Figure 4b ), which probably prevented the dilute algal culture from self-buffering and growing.
The HSM growth curves (Figure 4a ) are not as steady as the TAP medium growth curves (Figure 2a) . This is because growth in HSM relies entirely on the CO 2 distribution inside the PBR. Small variations in the CO 2 distribution, caused by the formation of gas pockets within the tubular helix of the Sartorius PBR, are probably responsible for the wavy deviations in the HSM growth curves. HSM correlations of the algal growth rate and CO 2 feed (Figure 5a ) and the final OD with CO 2 feed (Figure 5b ) were plotted and approximated using a second-order polynomial fit. The maximum growth rate (r = 0.056 h -1 ) occurred at a CO 2 feed of 10.9% (Figure 5a) . Similarly, the maximum final OD (K = 27.0 mg l -1 Chl) was observed at a CO 2 feed rate of 10.7% (Figure 5b ). Growth in HSM with a CO 2 feed rate of circa 11% is therefore the optimal solution for large-scale C. reinhardtii cc124 biomass production. However, even an optimised cc124 culture grown in HSM is not ideal for H 2 production because of its relatively low cell density (K = 27.0 mg l -1 Chl in HSM, compared with 37.9 mg l -1 Chl in TAP). Some acetate in the growth medium is required for effective H 2 production. 
Conclusion
The effects of light regime and CO 2 feed on C. reinhardtii cc124 growth were investigated. Using 12h:12h light:dark cycles reduced the algal growth rate and cell density by approximately 30% compared to the values measured under continuous illumination. The reason for this is that the algae cannot photosynthesise during the dark cycles and therefore tend to store their energy reserves rather than using them to grow and reproduce. This result means that large-scale outdoor photobioreactors will not be able to match the hydrogen production rates observed in laboratory reactors with access to continuous illumination. The addition of CO 2 increased the optical density of the C. reinhardtii, but there was a noticeable metabolic shift between heterotrophic and autotrophic growth conditions. If given the choice, C. reinhardtii cc124 cultures will use acetate as the carbon source and they will grow quicker and more effectively as a result. However, this option would be too expensive for large-scale applications. A more realistic approach is to either supplement the acetate available in the TAP growth medium with a CO 2 feed, or to rely on CO 2 as the carbon source entirely and use the HSM medium. When augmenting the TAP medium with a CO 2 feed, an increase in the CO 2 partial pressure increases the optical density of the C. reinhardtii culture, but it decreases the growth rate. Since hydrogen production is principally governed by the number of reaction centres in the algal culture, which is a function of the thickness of that culture, a CO 2 feed of 7.9% was determined to be optimal for hydrogen production. Increasing the CO 2 partial pressure beyond this value begins to have detrimental effects on algal growth associated with a decrease in the pH of the culture. Using algal strains adopted to acidic conditions or using a stronger pH buffer would result in the algae being able to tolerate higher CO 2 feeds and potentially make them suitable microorganisms to perform CO 2 capture and sequestration. Under photoautotrophic growth in HSM, a CO 2 feed of circa 11% was determined to optimise both the growth rate and optical density of the C. reinhardtii culture. Nevertheless, these growth rates and densities remain considerably lower than those achieved in the TAP medium. Future algal biorefineries will need to make a choice between minimising growth costs, maximising biomass synthesis rates or maximising biohydrogen production based on their portfolio of algae-derived products.
